Summary. Spermatozoa were collected from the rat caput epididymidis by micropuncture and their motility assessed after dilution in physiological saline containing carnitine or related compounds. L(+)-Carnitine caused, 2 min after dilution, a transient stimulation of the motility of spermatozoa with low initial motility. No stimulatory effects were seen on spermatozoa which had high initial motility. The D-isomer inhibited the motility of spermatozoa with high initial motility after 2 min and all compounds tested appeared to inhibit, at 20 min after dilution, the motility of spermatozoa with high initial motility. Acetyl-L-carnitine and acet yl \ x=req-\ D-carnitine stimulated the motility of spermatozoa with low initial motility. This study suggests that carnitine may be important in the development by spermatozoa of the potential for motility and also to maintain mature spermatozoa in a quiescent state.
Introduction
High concentrations of carnitine are found in the rat epididymis (Marquis & Fritz, 1965; Pearson & Tubbs, 1967) ; concentrations of the order of 50 to 60 mM have been measured in the luminal fluid of the cauda epididymidis and ductus deferens (Brooks, Hamilton & Mallek, 1974; Hinton, Snoswell & Setchell, 1979b) . Measurements of the concentration of carnitine in the luminal fluid along the rat epididymis indicate an abrupt increase in concentration in the caput epididymidis (Hinton et al., 1979b) . This occurs at the point where the epididymis actively accumulates radioactive carnitine from the bloodstream (Brooks et al., 1973; and transports it into the luminal fluid (Hinton & Setchell, 1979) and where the spermatozoa acquire the potential for motility (Hinton, Dott & Setchell, 1979a) . This suggests that carnitine may influence the motility of immature spermatozoa. Although carnitine and acetylcarnitine have been shown to affect motility and respiration of mature spermatozoa from other species (Casillas, 1972; Hamilton & Olsen, 1976;  Tanphaichitr, 1977; there have been no studies on the effects of carnitine on the motility of immature spermatozoa. We have therefore studied the effects of carnitine and related compounds on the motility of rat spermatozoa collected by micropuncture from the caput epididymidis just before and after the point where spermatozoa first develop the potential for motility. 
Micropuncture
The rats were prepared for micropuncture as previously described (Hinton et al., 1979a, b 
Analysis of results
The results were analysed by a paired / test using (a) the control and treatment at the same time and (b) 2 min and 20 min in the same treatment except that the comparisons of the data obtained after 20 min exposure to various concentrations of carnitine were made by unpaired t tests after log transformation to normalize the distribution.
Results
As far as could be determined by observation under the dissecting microscope, the spermatozoa contained in the micropuncture samples from the caput epididymidis were completely immotile until diluted with PBS, as reported by Turner & Howards (1978) and Hinton et al. (1979a) .
To check on the consistency of the method for subsampling from a single micropuncture sample, 9 subsamples from a single high motility sample were diluted with PBS. The mean ACF at 2 min was 57 ± 3 (coefficient of variation of 16%). The procedure for subsampling therefore appeared to produce a consistent result and comparisons were possible between treatments and control within each run.
When spermatozoa of the low initial motility group (see 'Methods') were diluted into PBS containing L-carnitine, a stimulation of motility was observed at 2 min. The degree of stimulation of motility was dose-dependent and apparently maximal at about 30 mM (Table 1) Values were compared with those at 2 min in the same concentration of carnitine (*P < 0-05; **P < 0-02; ***P < 0-01: paired / tests) and with those in 0 mM-carnitine at the same time (fP < 0-05; V < 0-01: paired t tests; §P < 0-02; XP < 0-01: unpaired / tests).
Spermatozoa which exhibited high motility in PBS were unaffected by L-carnitine at 2 min, but at 20 min motility was significantly reduced in the presence of the higher concentrations of L-carnitine. This inhibition was not significant at 60 mM-carnitine due to one high reading which, in the light of the other results, would appear to have been atypical.
To determine whether the influence of L-carnitine was specific, its effects were compared with those of D-carnitine, choline and their acetyl derivatives (Table 2 ). In samples with low initial motility, neither D-carnitine nor choline influenced motility at 2 or 20 min. On the other hand, both acetyl-L-carnitine and acetyl-D-carnitine, but not acetylcholine, stimulated motility at 2 min. In samples with high initial motility, D-carnitine was the only compound which reduced motility at 2 min, but at 20 min motility was reduced by most of the treatments.
Since the PBS contained no oxidizable substrate, it was possible that the decline in motility observed after the initial stimulation by carnitine had resulted from exhaustion of endogenous substrates. This was tested by including glucose as an exogenous substrate in the PBS. However, glucose reduced rather than sustained sperm motility in both the presence and absence of L-carnitine (Table 2) . (8) 30mM (8) Text- fig. 1 <1* Values were compared with those at 2 min in the same concentration of carnitine (*P < 0-05; **P < 0-02; ***P < 0-01: paired t tests) and with those in 0 mM-carnitine at the same time (fP < 0-05; §/" < 0-02; XP < 0-01: paired t tests).
Discussion
In this study we have confirmed previous results (Hinton et al., 1979a) The concentration of total carnitine within mature spermatozoa is extremely high (Hutson, Van Dop & Lardy, 1977a; Brooks, 1979b) but this high concentration is not inhibitory because it represents the sum of free and acetylated carnitine (Casillas & Erickson, 1975; Brooks, 1979c) which are balanced through the activity of carnitine acetyltransferase. However, in the present study we may have created an imbalance by adding a high concentration of carnitine on its own which would displace the equilibrium of the carnitine acetyltransferase reaction and restrict the availability of acetyl-CoA, causing a reduction in the activity of the tricarboxylic acid cycle (Brooks, 1979a) . Carnitine may also reduce levels of available acetyl moieties and thereby affect intermediate metabolism and energy supply. The stored acetyl groups then act as an energy store which can be drawn on through liberation of acetyl-CoA.
Since acetylcarnitine located within spermatozoa can act as a ready source of energy (Storey & Keyhani, 1974; Casillas & Erickson, 1975; Hutson, Van Dop & Lardy, 1977b) , it was expected that acetyl-L-carnitine added to immature spermatozoa would stimulate their motility. The fact that acetyl-L-carnitine was not more effective than free L-carnitine could be due to slower penetration of the spermatozoa by the former. As acetyl-D-carnitine cannot be metabolized, the observation that it stimulated sperm motility was unexpected, although not unprecedented because Fritz & Beyer (1969) had found that it can stimulate the respiration of heart mitochondria.
Carnitine may have a number offunctions within the epididymis and these functions may vary at different locations within the epididymis (Brooks, 1979a) . The present results support the suggestion that carnitine may be associated with the development by spermatozoa of the potential for motility in the more proximal regions of the epididymis, but also imply that once this potential has developed, the high concentrations of carnitine found in more distal regions may act to maintain spermatozoa in a quiescent condition.
